The Mediterranean or Moroccan locust, Dociostaurus maroccanus (Thunberg), poses a continual threat to agriculture and habitats for livestock in Spain and other Mediterranean countries. This species must be controlled to prevent the growth of high-density migratory gregarious populations that develop in well-defined outbreak areas (Latchininsky and LaunoisLuong, 1992) . Since 1990, our group has been surveying natural populations of D. maroccanus in an effort to find indigenous biological control agents that might replace chemical insecticides, which are used in large quantities to prevent outbreaks of this pest. The most common biological agents regulating D. maroccanus populations in the locust breeding area of La Serena (Badajoz, Spain) were the mermithid Hexamermis serenensis (Herná ndez-Crespo and Santiago-Alvarez, 1997a), the fungus Beauveria bassiana (Herná ndezCrespo and Santiago-Alvarez, 1997b), and many strains of Bacillus thuringiensis isolated from nymphs .
The advantageous properties of B. thuringiensis that meet the rigorous requirements for a microbial control agent for locusts include its ease of production, storability under adverse conditions, fast mode of action, and effectiveness in arid areas at high temperatures. The search for isolates of B. thuringiensis active against orthopterans has and is being pursued by a number of research institutes and commercial companies, but the results of these large-scale screenings have typically remained unpublished. In a previous attempt to control the Mediterranean locust by means of B. thuringiensis, Safarova in 1984 obtained 30 -40% mortality in field trials against nymphs in the former Soviet Union with the commercial formulation "Bitoxibacillin" (Latchininsky and Launois-Luong, 1992) , which contains the water-soluble ␤-exotoxin. However, more specific toxins, particularly the ␦-endotoxins, are considered better for insect pest control and are widely used at the present (Beegle and Yamamoto, 1992) . In intensive screening trials specifically directed at finding B. thuringiensis strains pathogenic to locusts, neither Zelazny et al. (1997) nor Chaufaux et al. (1997) found any isolates active against Locusta migratoria (L.) or Schistocerca gregaria (Forsk.). In our laboratory, we previously reported appreciable mortality caused by several strains of B. thuringiensis evaluated against the Mediterranean locust (Herná ndez- Crespo et al., 1994) . In addition, we demonstrated bacteria present in the hemolymph of nymphs fed food contaminated by a strain of B. thuringiensis serovar mexicanensis (Quesada-Moraga et al., 1997) . However, given the possibility that the "incidence of B. thuringiensis in dead locusts may be the result of chance entry into the hemocoel" (Zelazny et al., 1997) , further work is required to demonstrate specific pathogenicity against D. maroccanus. Here we present the results of the first study undertaken to observe the histopathological effects of B. thuringiensis on the midgut of D. maroccanus.
A strain of B. thuringiensis serovar aizawi, isolated in 1992 from a vermiform larvae of D. maroccanus, was used in this assay. The strain was produced in the standard B. thuringiensis medium (UG) containing Bactopeptone (7 g L Ϫ1 ) and glucose and salts (Lecadet and Dedonder, 1971 ) at 28 -30°C for 72 h, or until more than 90% of the cells lysed. Spore crystal mixtures Note. N, number of insects eating the treated leaf disk; D, number of dissected insects; T, number of insects in test to assess mortality; n, number of dead insects. The concentration of the stock suspension of B. thuringiensis was 2.3 ϫ 10 9 spores/ml. * Data are means Ϯ SD; means within column with the same letter are not significantly different (LSD with a P ϭ 0.005).
were washed twice in cold sterile water and centrifuged at 10,000g for 10 min at 4°C between washings and the resulting pellet was resuspended in sterile water.
The adults of D. maroccanus used in this assay came from a colony maintained under controlled conditions, L13:D11 h photoperiod, 26 Ϯ 4°C, and 40 -60% R.H., by the method of Quesada-Moraga and Santiago- Alvarez (2001) . Newly molted adults were placed in plastic cups (40 mm diameter; 20 mm deep), one per cup, and fed on pieces of wheat seedlings (1.5-2 cm) treated by immersion in a spore/crystal suspension of known concentration, 2.3 ϫ 10 9 spores/ml. The suspension was made in sterile distilled water to which 0.1% of a spreader (AGRAL) had been added. As a control, pieces of wheat seedlings were immersed in water plus AGRAL.
Eighty adults, divided among four replicates of 20 adults each, were used for each of the treated and control groups. Adults that had not eaten the treated leaf piece after 12 h were discarded, whereas the others were transferred to rearing cages (Quesada-Moraga and SantiagoAlvarez, 2001). The bioassay was conducted under the same conditions as those of the stock colony.
FIG. 1. (A and B)
Light microscope observation of an untreated adult midgut; ϫ400 original magnification. Arrows indicate the midgut epithelium. (C and D) Light microscope observation of a 24-h-treated adult midgut; ϫ400 and ϫ1000 original magnification, respectively. Arrows indicate the hypertrophy and disintegration of the midgut ephitelium. (E and F) Transmission electron micrographs of an untreated adult; ϫ29500 and ϫ39000, respectively. (G and H) Ultrathin electronic transmission micrographs of a 24-h-treated adult; ϫ39000 and ϫ29500 original magnification, respectively. Arrows indicate the formation of a vesicle-like structure and sloughing off of the cell. C, cytoplasm; L, midgut lumen; M, muscle; MV, microvilli.
Three treated and three untreated adults were selected randomly from each replicate at 12-, 24-, and 36-h intervals after exposure to B. thuringiensis. These were dissected to extract the midguts, and those remaining were used to assess mortality over the 8 days following treatment. Midguts were fixed at 4°C in cacodilate-buffered (pH 7.0) 1% osmium tetroxide for 2 h. After dehydration through a graded series of ethanol, the midguts were embedded in Epon and thin-sectioned (50 nm-1 m) with a glass knife on an LKB NOVA ultramicrotome. Sections for light microscopy were transferred to glass slides, stained with 1% toluidine blue for 2 min, and examined at 40ϫ or 100ϫ magnification. Sections for electron microscopy were transferred to copper grids, stained with 1% aqueous solution of uranyl acetate for 1 h and then with a saturated lead citrate solution for 5 min, and examined with a Philips CM-10 electron microscope operated at 80 kV.
The mortality caused by the strain of B. thuringiensis serovar aizawai to newly molted adults 8 days after treatment was 54% (Table 1) . This mortality was lower than that observed in tests of this strain against fourth or fifth instar nymphs (unpublished data). To our knowledge, this quantitative effect is for the first time associated with histopathological changes in the midgut of locusts fed B. thuringiensis. The midgut of adults fed bacteria, observed under the light microscope,
FIG. 1-Continued
showed a progressive loss of epithelial cell definition from 12 h posttreatment onward (Figs. 1C and 1D) , whereas the midgut of untreated adults exhibited uniform morphology and well-defined epithelial cells (Figs. 1A and 1B) . Ultrastructural observations revealed that the midgut of treated adults was hypertrophied and showed considerable disorganization in comparison to the midgut of untreated adults (Figs. 1E-1H ). Moreover, in treated adults the epithelial cells sloughed off into the midgut lumen, appearing as vesicle-like structures (Figs. 1G and 1H) . It was evident that the midgut was in an advanced state of disruption 12 h following exposure. More extensive cellular disintegration was observed after longer incubation times.
The histopathological effects that we observed appeared to be confined to the midgut epithelial cells. In D. maroccanus, affected and apparently unaffected cells in treated locusts were frequently observed adjacent to one another, suggesting that the ␦-endotoxin may target certain cell receptors present only on selected midgut cells. The SDS-PAGE protein profile of the B. thuringiensis strain tested was composed of a single polypeptide of 130 -140 kDa (unpublished data), but further research is needed to determine how this protoxin was further cleaved by the gut proteases to produce activated toxic polypeptides.
The low gut pH of locusts and grasshoppers may prevent the dissolution of the crystalline ␦-endotoxin, which is normally dissolved and activated by a high gut pH (Prior and Greathead, 1989) . Nevertheless, it has been demonstrated that crystals from one B. thuringiensis strain were dissolved readily in the gut juice of S. gregaria but not in that of L. migratoria, although both species have a very similar gut pH of around 5.3 (Stephan, 1992) . This suggests that other factors, such as reducing conditions or gut enzymes, play a role in the dissolution process. The gut conditions of D. maroccanus seems to allow the dissolution of the ␦-endotoxin of our B. thuringiensis strain, and therefore, in our system, both the strain and the host meet the requirements for insecticidal activity.
Our results strongly support the insecticidal activity of our B. thuringiensis strain against D. maroccanus. We intend to evaluate this strain under field conditions for its possible development as a microbial control agent.
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